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A water-soluble polysaccharide was obtained from Guibourtia hymenifolia seeds in a 54.2% yield (w/w).
The Glc:Xyl:Gal molar ratio was 3.3:2.3:1. The methylation results and 1D/2D NMR spectra indicated the
presence of xyloglucan (XG), the intrinsic viscosity of which was 665 mL/g. The molar mass (Mw), radius
of gyration (Rg), hydrodynamic radius (Rh), and r (Rg/Rh) of XG were 8.43  105 g/mol, 97 nm, 61 nm, and
1.59, respectively, indicating a random coil and ﬂexible conformation that was subsequently conﬁrmed
by the MarkeHouwink constant a (0.70). Atomic force microscopy analysis of XG adsorbed on silicon
revealed that the chains are an average of 1.25-nm high, 28.9-nm wide and 131-nm long. Furthermore,
a cytotoxicity assay indicated a high CC50 value (>3.3 mg/mL). These results suggest that this biopolymer
has potential applications in different food technologies and biotechnological processes.
 2010 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Xyloglucans (XGs) are polysaccharides that are found in the
primary cell walls of non-graminaceous (monocotyledons) seeds,
where they are used for structural functions and as storage poly-
saccharides, and in the cotyledons of some dicotyledonous seeds,
where they act as energy reserves (Reid, 1985). These polymers are
also called amyloids because of their similar characteristics to the
starch that turns blue after treatment with an iodine/potassium
iodide solution (Kooiman, 1960).
The chemical structure of XG consists of a cellulose-like (1/4)-
linked b-glucan backbone with single unit of a-D-xylopyranosyl
(a-D-Xylp) substituents attached at O-6. Some Xylp residues are
further substituted at O-2 by b-D-galactopyranosyl (b-D-Galp)
(Hayashi,1989). XGs are soluble in hot or cold water, forming highly
viscous solutions at low concentrations and, with other polymers,
gels that control the structure and texture of commercial products
(Temsiripong, Pongsawatmanit, Ikeda, & Nishinari, 2005).
XG’s unique rheological properties lend themselves to potential
applications in the food (Maeda, Yamashita, & Morita, 2007),tment, Federal University of
a, PR, Brazil. Tel.: þ55 41
n).
sevier OA license.pharmaceutical and medical industries (Itoh et al., 2008), and to
biotechnology processes such as culturing of plant tissue (Lima-
Nishimura et al., 2003).
Furthermore, various biological activities, such as hypolipidemic
and antidiabetic effects, have been reported for XG from Tamar-
indus indica (Maiti, Jana, Das, & Ghosh, 2004; Martinello et al.,
2006) and Detarium senegalense (Onyechi, Judd, & Ellis, 1998).
Animal studies have shown that the physiological effects of
hydrocolloids are heavily dependent on their ability to alter the
physiology of the intestinal tract and reduce the absorption of
nutrients (Ink & Hurt, 1987). This performance is ascribed to the
chemical structure of these polysaccharides, which prevents their
hydrolysis by human digestive enzymes and their use as bio-
available energy sources, so they are in dietary ﬁber class.
Beginning more than twenty years ago, many detailed studies
were carried out in Brazil with XGs extracted from Hymenaea
courbaril seeds obtained from different locations (Freitas, Gorin,
Neves, & Sierakowski, 2003; Freitas et al., 2005; Gouvêa et al.,
2009; Lima-Nishimura, Reicher, Corrêa, Ganter, & Sierakowski,
1993; Lima-Nishimura et al., 2003; Lucyszyn et al., 2009;
Sierakowski, Castro, Lucyszyn, & Petri, 2007) and other Legumi-
nosae Copaifera langsdorﬁi seeds studied by Jo, Petri, Valenga,
Lucyszyn, and Sierakowski (2009) and Stupp et al. (2008), among
others.
In this work, we describe the characterisation and behaviour of
XG extracted from Guibourtia hymenifolia seeds (GHXG). According
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jatobá mirim or copaibeira, belongs to the Caesalpinoideae subdi-
vision, one of the three Leguminosae classes. Its tree, which is
normally 10e18 m high with diameters of 40e70 cm, is found in
Brazil in the Piauí state, Pantanal Matogrossense and in the
northeast part of the country. Thewood is indicated for the building
site. The tree possesses ornamental attributes and also recom-
mended for the composition of heterogeneous reforestations.
These trees, annually, produce moderate amounts of viable seeds
and each kilogram contains approximately 1400 seeds. Cano and
Volpato (2004) reported the use of seeds macerated in medicine
for rheumatism and atrosis.
The composition, structural and physico-chemical properties of
GHXG were determined using different analysis techniques. For
example, methylation analysis was carried out to characterise the
polysaccharide’s ﬁne structure. NMR spectroscopy, that is
an important tool for the chemical structural analysis (Yang&Zhang,
2009), and AFM, a powerful technique for directly observing the
conformation of individual macromolecules (Yang & Zhang, 2009),
were also utilized. Furthermore, the cytotoxicity effects of the
polysaccharide in L929 mouse ﬁbroblast cells were evaluated.
2. Experimental
2.1. Plant material
The G. hymenifolia seed samples were harvested from trees
growing in the Ponta Porã, Mato Grosso do Sul, Brazil, and
purchased from the Agropecuária Santa Helena Com. Emp. Ltda
(Projeto Matas Nativas).
2.2. Chemical composition of G. hymenifolia seed ﬂour
The Legume ﬂour sample was analysed for moisture (105 C for
3 h or until constant weight) (AACC International method
44e15.02, 1999). The crude fat was obtained according to AACC
International methods 30e25.01 (1999). The crude protein
(N  6.25) was estimated using the Kjeldahl method (AACC Inter-
national method 46e11.02, 1999). The ash (total minerals) was
analysed by the AACC International method 08e01.01 (1999).
2.3. Polysaccharide extraction from G. hymenifolia seeds
After removal of lipids and pigments from the legume ﬂour
sample, it was air-dried at 25 C and submitted to aqueous
extraction ﬁve times followed by centrifugation for 20 min at
8243 g (Sigma 4K 15 centrifuge) to remove the insoluble fraction.
The combined supernatants were concentrated and was precipi-
tated with two volumes of commercial ethanol in the presence of
NaCl (0.1 M) and dried at 25 C (Lucyszyn et al., 2009) to produce
the polysaccharide from G. hymenifolia seeds (GHXG).
2.4. General chemical analysis of GHXG
The colorimetric phenol-sulphuric acid method was used to
determine the total carbohydrate content of GHXG (Dubois, Gilles,
Hamilton, Rebers, & Smith, 1956) using glucose as the standard
(SigmaeAldrich). The protein determination was performed with
the FolineCiocalteau reagent (Merck) (Hartree,1972) using bovine
serum albumin (BSA) (Sigma Aldrich) as the standard. These
analyses were performed in a Biospectro spectrophotometer,
model SSP-220, and a quartz cuvette of 1-cm length.
The monosaccharide contents were determined after partial
acid hydrolysis of 5 mg of polysaccharide with 72% H2SO4 (w/v) in
a sealed tube for 1 h in a cold water bath and after completehydrolysis by diluting to 8% and heating at 100 C for 5 h
(Selvendran, March, & Ring, 1979). The hydrolysed sample was
neutralised with BaCO3, ﬁltered, and the monosaccharides were
reduced with NaBH4 followed by acetylation with pyridine-Ac2O
(1:1 v/v) for 12 h at 25 C (Wolfrom & Thompson, 1963a, 1963b).
The resulting alditol acetates were analysed, using a mixture of
alditol acetates as the standard, in an HP 5890 SII gaseliquid
chromatograph (GLC) with a J & W DB 225 column at 220 C and
nitrogen as the carrier gas (2 mL/min).
The speciﬁc optical rotation was determined using a poly-
saccharide solution (1 mg/mL) in apparatus III Autopolis, Rudolf
Research brand, at 20 C. The speciﬁc optical rotation is given by the
following equation (Ewing, 1985):
½aD20  a20  100=L  c (1)
where a20 is the optical rotation at 20 C, L is the optical path in dm,
and c is the concentration in g%.
2.5. Methylation analysis of GHXG
GHXG was per-O-methylated according to the Ciucanu and
Kerek method (1984) with modiﬁcations. The permethylated
polysaccharides (10 mg) were hydrolysed with 72% H2SO4 (w/v) for
1 h in a cold water bath, and complete hydrolysis was obtained by
dilution to 8% and heating at 100 C for 16 h (Selvendran et al.,
1979). After neutralisation with BaCO3 and ﬁltration, the resulting
O-methylated derivative mixtures were reduced with NaBD4 and
acetylated to give partially O-methylated alditol acetates. Each
O-methylated derivative was submitted to capillary GCeMS using
a 3800 Varian gas chromatography system linked to a 2000 R-12
Varian Ion-Trap mass spectrometer with He as the carrier gas
(2.0 mL/min). A DB-23 capillary columnwas used and programmed
to heat at 40 C/min until 220 C, and then the temperature was
maintained. The resulting partially O-methylated derivatives were
identiﬁed by their characteristic electron impact breakdown
proﬁles and retention times.
2.6. Nuclear magnetic resonance (NMR) analysis of GHXG
NMR spectra of GHXG were obtained using a 400 MHz Bruker
model DRX AVANCE spectrometer with a 5-mm inverse probe.
The 13C-NMR (100.6 MHz) and 1H-NMR (400.13 MHz) analyses
were performed at 70 C with samples dissolved in D2O
(25mg/mL). For 1H-NMR, the OH groups were exchangedwith D2O,
followed by freeze-drying. Chemical shifts were referred, in ppm
(d), to the corresponding acetone (dC 30.20) or DOH (dH 4.70)
signals for 13C and 1H signals, respectively. The 13C NMR-coupled
pulse at 90 was performed with a 0.1-s delay time and a 0.6-s
acquisition time for the decoupled spectra. Correlation spectros-
copy (COSY) and heteronuclear multiple quantum coherence
(HMQC) measurements were obtained with parameters described
in the Bruker manual.
2.7. Physico-chemical characterisation of GHXG
2.7.1. Gel permeation chromatography (GPC) coupled
to RI-LALS-RALS-viscometer detectors
GPC experiments were carried out using a Viscotek-GPC multi-
detector system equipped with PWxl 6000, 4000 and 2500
columns (Tosoh, Japan), which have size-exclusion limits of 8 106,
3  105 and 3  103 Da, respectively, connected in series and
coupled to a differential refractometer from Viscotek (model
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detector (model 270 Dual Detector) with low angle (7) and right
angle (90) lasers.
The samples (1 mg/mL) were solubilised in 0.1 mol/L aqueous
sodium nitrite containing 200 ppm sodium azide and ﬁltered
through a 0.22-mm pore-diameter membrane. The solutions
(100 mL) were analysed using GPC to calculate the polydispersity
index (Mw/Mn), molar mass (Mw), intrinsic viscosity ([h]), and
MarkeHouwink constant (a) relative to PEO 22 k (polyethylene
oxide), which is used as a standard in instrument calibration. The
results were compiled using OmniSEC Software (Malvern Co., USA)
and a refractive-index increment (dn/dc) of 0.137, which was
calculated for XG (1.0, 0.8, 0.6, 0.4 and 0.2 g/L, ﬁltered through
a 0.45-mm Millipore ﬁlter) in a Viscotek differential refractometer
(model VE3580).
2.7.2. Static light scattering (SLS)
SLS experiments were carried out with a BI-200SM goniometer
(version 2.0) from Brookhaven Instruments Co. (New York, USA)
equipped with a BI-9000AT digital correlator (Brookhaven Instru-
ments). The incident light was provided by a HeeNe laser
(632.8 nm). The instrument alignment had an error of less than
0.3%, which was measured using well-ﬁltered toluene (0.22-mm
cellulose acetate ﬁlter). Toluene was also used for the apparatus
calibration to ensure that there was no angular dependence of the
scattered light from toluene, and a value of 1.40  105 cm1 was
used as the Rayleigh ratio.
The sample in 0.1 M sodium nitrite solution containing 200 ppm
sodium azide was ﬁltered through 0.22-mm cellulose acetate
directly into a cylindrical quartz cell (25 mm in diameter), which
was immersed in a decalin bath at 25 C. The measurements were
performed over an angular range of 30e150 at appropriate inter-
vals, and the data were analysed by the Zimm plot method. Each
Zimm plot wasmade at six concentrations (0.19, 0.36, 0.5, 0.62, 0.83
and 1.0 mg/mL). Theweight-averagedmolecular weight,Mw, radius
of gyration, Rg, and the second virial coefﬁcient, A2, were calculated
by the usual method.
2.7.3. Dynamic light scattering (DLS)
The size of the polysaccharides in solutionwas measured by DLS
(Li, Cui, &Wang, 2006a). The DLS study was performed on the same
apparatus as the SLS measurements. The scattering angle was ﬁxed
at 90, and the temperature was kept at 25 C using a decalin bath.
The sample preparation was the same as for SLS, and the poly-
saccharide concentration was 1 mg/mL in 0.1 M sodium nitrite
solution containing 200 ppm of sodium azide. The particle size
distributions were calculated by the constrained regularisation
(CONTIN) method using the Brookhaven dynamic light scattering
software.
2.8. Rheological measurements of GHXG
For the determination of [h] and critical concentration (c*), the
polysaccharide samples (0.1e3.0 mg/mL) were solubilised over-
night in 0.1 mol/L sodium nitrite containing 200 ppm of sodium
azide at 25 C. The solution was ﬁltered through a 3.0-mm syringe
ﬁlter before the measurements were taken. The measurements
were performed in a RheoStress1 rheometer (Haake GmbH,
Germany) equipped with a DG43 spindle. A Haake DC30 bath and
a thermostatic Universal Temperature Controller (UTC) were used
to maintain a constant temperature of 25 C.
The Huggins equation was used to determine the intrinsic
viscosity [h] of polysaccharide by extrapolation of the reduced
viscosity (hred) to the limit of zero concentration, in which case the
linear coefﬁcient yields ([h]) (Huggins, 1942).All experiments chemical and physicalechemical were repeated
at least two times to conﬁrm the structure and properties and the
results are the average values obtained in different trials.
2.9. Atomic force microscopy (AFM) analysis of thin ﬁlms adsorbed
on silicon wafers
2.9.1. Substrate and surface preparation
The substrates were 450-mm-thick boron-doped p-type silicon
wafers, Si(111). They were cleaved with a diamond-tipped scribe
into 1 cm2 pieces. After cleavage, the substrates were cleaned
before polysaccharide deposition as described by Hirose, Yasaka,
Takakura, and Miyazaki (1991). This procedure preserves the SiO2
oxide layer and maintains the hydrophilicity of the silicon surface.
Ultra-pure water (Millipore, MilliQ, 18.2 MU cm) was used
throughout the cleaning process.
2.9.2. Polysaccharide adsorption protocols for AFM assays
A 0.1 mM GHXG solution at neutral pH was prepared in MilliQ
water and stirred for 24 h. The deposition was performed by cen-
trally pipetting a 10-mL drop of the solution onto the substrate,
which was rotating at 1000 rpm, and allowing the drop to adsorb
for 5 min. Next, the substrate was accelerated to 2000 rpm to
eliminate excess. Spin-coating was chosen because it yields
a uniform thin ﬁlm. Finally, the samples were allowed to dry
without rinsing at 24 C with 45% humidity for 24 h.
2.9.3. AFM measurements
AFM imaging was performed using a commercial Shimadzu
SPM-9500J3 microscope operating under ambient conditions.
Images of ﬁlms were acquired in dynamic-tapping mode (TM-AFM)
with an oxide-sharpened micro-fabricated silicon m-Masch canti-
lever whose nominal spring constant is 4.7 N/m and whose tip
radius of curvature is less than 10 nm. The scanning rate was 1 Hz
and 256  256 data points were acquired. The image data were
ﬂattened, and noise ﬁltering was applied when necessary. The
operating point was adjusted to minimise the interaction between
the tip and sample and to avoid soft-layer deformation.
2.10. Cytotoxicity assay of GHXG
L929 mouse ﬁbroblast cells were cultured in 96-well micro-
plates and the monolayers were incubated with DMEM (200 mL)
supplemented with 2% foetal bovine serum (FBS) containing 2-fold
serial dilutions of GHXG at different concentrations ranging from
6.5 to 3300 mg/mL and incubated for 72 h. The experiment was run
in triplicate using eight wells for each dilution. The in vitro toxicity
of the compound was evaluated according to Denizot and Lang
(1986) by quantifying the viable cells using 3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), which is
converted to a purple-coloured formazan by mytochondrial dehy-
drogenases. The 50% cytotoxic concentration (CC50) was deﬁned as
the polysaccharide concentration that reduced the number of
viable cells by 50% comparedwith a control without polysaccharide
addition.
The cytotoxicity results were expressed as the mean  standard
deviation and analysed by Student’s t test with p < 0.02.
3. Results and discussion
3.1. Chemical composition of G. hymenifolia legume ﬂour
and polysaccharide analysis
The macronutrient composition of the G. hymenifolia seed ﬂour
(Table 1) indicated that most of the material presented was in the
Table 1
Macronutrient composition of G. hymenifolia seed ﬂour.
Component Amount (g/100 g ﬂour)
Ash 1.80  0.03
Fat 10.40  0.32
Moisture 9.45  0.02
Protein 7.85  0.05
Polysaccharide (yield) 54.20  3.70
Values are means  S.D. (Standard deviation).
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the milled seed). This high polysaccharide yield was similar to that
obtained for D. senegalense seeds (w59.8 g/100 g dry matter) by
Wang, Ellis, Ross-Murphy, and Grand Reid (1996) and was higher
than other seeds, including H. courbaril (Freitas et al., 2003);
Copaifera lansdorﬁi seeds (Stupp et al., 2008), which was approxi-
mately 45% (w/w) polysaccharide; and Afzelia africana seeds, which
was 33.2% polysaccharide (Ren, Picout, Ellis, Ross-Murphy, & Grant
Reid, 2005).
In the hydrocolloid, the total carbohydrate content was 86.7%
(dry weight), and the results of the polysaccharide composition
analysis are presented in Table 2. The percentage of protein (11.9%)
is consistent with the values from other seeds, such as H. courbaril
var. Stilbocarpa (Lima-Nishimura et al., 1993) and D. senegalense
(Wang et al., 1996), and higher than that of C. langsdorﬁi (6.5%,
Stupp et al., 2008).
The gum isolated from G. hymenifolia seeds is dextro-rotatory
with an optical rotation value of þ68.0, which is similar to that of
other XGs such as C. langsdorﬁi (þ71.2, Stupp et al., 2008) and
apple pomace XG (þ41.1, Watt, Brasch, Larsen, & Melton, 1999).
Lima-Nishimura et al. (1993) and Freitas et al. (2005) obtained high
values (between þ75 and þ98) for XG samples from H. courbaril
seeds from different sources. The value of the speciﬁc optical
rotation can be explained by the exposure of its a-links.
The polysaccharide sugar composition shows that glucose,
xylose, and galactose monosaccharides were identiﬁed at a ratio of
3.4:2.5:1.00, respectively. A high glucose and xylose content is
common in biopolymers dominated by XG. The relationship
between the different monosaccharide contents was close to that
reported for XGs from T. indica (Gidley et al., 1991), A. africana
(Ren et al., 2005) and D. senegalense (Wang et al., 1996) seeds,
which were approximately 3.0:2.0:1. However, the sugar compo-
sition can only indicate the presence of this polysaccharide, so the
conﬁrmation of the hemicellulose structure required other
analytical approaches.3.2. Methylation and NMR analysis of the polysaccharide
In methylation analysis, the hydroxyl free radical is substituted
by methyl, and thus different O-methyl derivatives are obtained
after hydrolysis and acetylation. The fragments obtained by the
analysis of the alditol acetate of the methylated polysaccharide
showed a Glc:Xyl:Gal ratio of 3.3:2.3:1.00. The overall recoveries of
methylated alditol acetates were in good agreement with the sugarTable 2
Polysaccharide composition extracted from G. hymenifolia seeds.
Monosaccharide
composition (mol%)a
Glc:Xyl:Gal
ratio
Total
sugar
(g%)
Protein
(g%)
[a]d20
Glc Xyl Gal
49.2 36.2 14.6 3.4:2.5:1.0 86.7 11.9 þ68.0
Symbols: glucose (Glc), galactose (Gal), xylose (Xyl).
a Measured by GCeMS of derived alditol acetates, column DB-225 at 220 C.values obtained for the native polysaccharide after hydrolysis,
reduction and acetylation.
The O-methyl alditol acetate derivatives, conﬁrmed by their
mass spectra, indicated that the polysaccharide contained 1,4- and
1,4,6-linked Glc residues typical of XG cellulosic backbones. Both
2,3-Me2-Glc (w32.8%) and 2,3,4-Me3-Xyl (w19.0%) were present in
highmolar proportions, indicating a structure with a high degree of
branching. Neither 2,3,4,6-Me4-Glc (1.6%) nor 2,3,4,6-Me4-Gal
(15.1%) derivatives showed any reducing terminal units. The pres-
ence of 2,3,6-Me3-Glc derivatives (14.6%) revealed that the glucose
units of the main chain links are joined by b-(1/4) alternating
with some b-(1/6) links that are explained by the presence of
2,3,4-Me3-Glc derivatives (1.4%). The presence of these two deriv-
atives was observed by Lima-Nishimura et al. (1993) in XG from
H. courbaril seeds. Xylose substituted at O-2 is present (15.0%),
suggesting Galp-(1/2)-Xylp as a secondary chain.
3.3. NMR analysis of the polysaccharide
Application of 1D and 2D NMR spectroscopy based on data
obtained by York, Harvey, Guillen, Albersheim, and Darvill (1993)
conﬁrmed the characteristic structural features discussed above.
The 1H-NMR spectrum (Fig. 1B) of the original gummainly contains
four anomeric protons (5.12, 4.93, 4.56 and 4.55 ppm for internal
and terminal a-D-Xylp, terminal b-D-Galp and b-D-Glcp, respec-
tively). The chemical shifts of galactose and glucose are very
similar; therefore, the signals due to the hexose sugarsmay overlap,
as previously described by Stupp et al. (2008) for XG from
C. langsdorﬁi seeds.
The 13C-NMR spectrum of sample G. hymenifolia is shown in
Fig.1A, which presents shifts similar to those obtained for other seed
XGs suchas T. indica (Gidleyet al.,1991),H. courbaril (Lima-Nishimura
et al.,1993) andC. langsdorﬁi (Stuppet al., 2008). The anomeric region
conﬁrmed four different linkages involved in the GHXG structure
with chemical shifts at d 104.3, 102.3, 98.9 and 98.8, which were
assigned to the residual terminal b-D-Galp, b-D-Glcp and internal and
terminala-D-Xylp, respectively. Twohigh-ﬁeld signalswere observed
relative to the C-6 substituted (d 66.9) and unsubstituted (d 66.5)
signals of the b-D-Glcp. The signals between d 61.7 and 60.3 can be
assigned to the C-6 of b-D-Galp and the C-5 of a-D-Xylp, respectively.
The d61.7 and61.3 signalswere assigned to theC-5of the internal and
terminal a-D-Xylp, respectively, and the signal of d 61.1 was assigned
to the C-6 of b-D-Galp. These signals are found in the inverted spec-
trumof 13CDEPT (datanot shown). The signal at d80.0e67.0 (internal
carbon) reveals the high complexity of the polymer.
Two-dimensional COSY and HMQC NMR studies conﬁrmed the
presence of residues in the polysaccharide structure that were
shown by the methylation analysis. The correlation of the C-1
signals (observed in 13C-NMR) with their anomeric protons was
determined by the HMQC spectrum (Fig. 1C), which showed the
coupling between a hydrogen and the directly connected carbon.
The 13C/1H signals with d values of 104.3/4.56, 102.3/4.55, 98.9/5.12
and 98.8/4.93 corresponded to b-D-Galp, b-D-Glcp and substituted
and unsubstituted a-D-Xylp, respectively.
Through the analysis from the COSY spectrum, which shows the
vicinal coupling between hydrogen atoms, it was possible to
determine the neighbourhood assigned to the H-2 and H-3 of
glucose and xylose units and the H-2 of galactose unit (Fig. 1D).
These results conﬁrmed that the structure of GHXG is broadly
typical of those XGs from the seeds of other plants, including T.
indica (Gidley et al., 1991; York et al., 1993) and H. courbaril (Lima-
Nishimura et al., 1993). GHXG has a cellulosic backbone that is
highly substituted at O-6 with D-xylopyranosyl residues, and about
half of these residues are substituted by D-galactopyranosyl resi-
dues at O-2.
Fig. 1. NMR spectra of GHXG. A: 13C-NMR spectrum. B: Anomeric region in the 1H NMR anomeric region. C: Anomeric region in HMQC. D. COSY in D2O at 70 C.
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3.4.1. Properties of polysaccharides in solution e rheological
analysis
The critical concentration (c*) is the concentration at which the
polymerepolymer interaction is not signiﬁcant and does not need
to be considered in the system. The c* value of 1.3 mg/mL (Table 3)
was calculated using rheology by plotting log hsp as a function of
log C  [h] (data not shown). Wang, Ellis, Ross-Murphy, and
Burchard (1997) reported 1.3 g/L for the D. senegalense XG and
Freitas et al. (2005) reported values between 0.7 and 1.3 for XG
obtained from H. courbaril seeds from different locations.
The value of [h] for GHXG in nitrite/azide solution (the solvent
used in GPC analysis) was determined graphically as 665 mL/g,
which is similar to the values of 600 mL/g for T. indica
(Gidley et al., 1991) and 530 mL/g for A. africana XG (Ren, Picout,
Ellis, & Ross-Murphy, 2004; Ren et al., 2005). This value wasTable 3
The solution properties of GHXG measured by gel permeation chromatography and rheo
Sample Mw (g/mol)a Mn (g/mol)a Mw/Mna c
GHXG 843,113  72,061 693,515  59,273 1.2  0.1 1
Symbols: molar mass (Mw), numerical mass (Mn), critical concentration (c*), intrinsic vis
Values are means  S.D. (Standard deviation).
a Measured using a Viscotek-GPC multi-detector system.
b Measured using the Rheometer, Haake RS 1, sensor DG 43, at 25 C.signiﬁcantly lower than the corresponding values for D. senegal-
ense (890 mL/g, Wang et al., 1996), H. courbaril (971 mL/g,
Lucyszyn et al., 2009) and C. langsdorﬁi (804 mL/g, Stupp et al.,
2008). The differences in these values can be attributed to the
different extraction processes used, the molar mass of the poly-
saccharides, and the solvent used.
The Huggins constant (Huggins, 1942), k0 , was 0.3 for GHXG,
indicating that the solvent can be considered favourable for poly-
meresolvent interactions. The value of k0 is usually roughly
between 0.3 and 0.8, with 0.3e0.4 for polymers in theta solvents
and 0.5e0.8 for polymers in good solvents; at k0 value above 0.8,
polymer aggregation is likely (Ross-Murphy, 1994; Yang & Zhang,
2009).
3.4.2. Gel permeation chromatography (GPC) analysis
The mass distribution, average molar mass distribution (Mw and
Mn), conformation parameter, and intrinsic viscosity ([h]) of thelogy analysis.
*b (mg/mL) [h]a (mL/g) [h]b (mL/g) aa kyb
.3  0.11 672  58 665  52 0.70  0.02 0.3
cosity ([h]), MarkeHouwink constant (a), Huggins constant (ky).
Fig. 3. Static light-scattering data presented in a Zimm plot obtained from the GHXG in
0.1 mol/L sodium nitrite solution containing 200 ppm sodium azide. The measure-
ments performed over an angular range of 30 to 150 , at 25 C.
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tion system. This is an excellent technique for the separation of
macromolecules according to size and for the determination of
molar mass and molar mass distributions. Furthermore, these
analyses provided pertinent information on the polymer structure
and conformation with small sample sizes (Beer, Wood, & Weisz,
1999).
The results of the GPC analysis for GHXG are given in Table 3.
After solubilisation and ultra ﬁltration, XG showed a homogeneous
proﬁle according to single RALLS and LALS (Fig. 2), but a poly-
dispersed proﬁle as calculated by theMw/Mn index (1.22). Themean
molar mass value of XG was 8.43  105 g/mol. Furthermore, the
value of [h] obtained from GPC measurements (672 mL/g) agrees
with the results from rheology analysis (Table 2).
The constant a in the MarkeHouwinkeSakurada equation is
related to the molar mass, [h], and the conformational information
of the polymers in solution (Beer et al., 1999). Values of a between
0.5 and 0.8 indicate a ﬂexible random coil conformation (Ross-
Murphy, 1994). The a value determined for GHXG was 0.70, indi-
cating a conformation analogous to those reported for other XGs
such as D. senegalense (Wang et al., 1996) and A. africana (Ren et al.,
2004).
3.4.3. SLS
SLS measurements were carried out on the aggregate-free
solutions after consecutive ﬁltrations. Some studies showed that
XG exhibits a strong tendency to aggregate in aqueous solution
(Li, Wang, Cui, Huang, & Kakuda, 2006b), which was described as
the bundle-shaped lateral aggregation of single polymer strands.
This behaviour can result in a marked increase in polymer stiffness,
but such aggregation generally affects the small angle light-scat-
tering behaviour and tends not to inﬂuence [h] (Wang et al., 1996).
We successfully removed the large particles from the dilute solu-
tions of XG using consecutive ﬁltrations.
Fig. 3 illustrates the Zimm plot obtained for GHXG. The molar
mass, radius of gyration and second virial coefﬁcient calculatedFig. 2. GPC traces for GHXG (1 mg/mL) in 0.1 mol/L aqueous sodium nitrite solution
containing 200 ppm sodium azide collected with different detectors (refractive index;
low angle light scattering, 7; and right angle light scattering, 90), at 30 C.from the Zimm plot are listed in Table 4. This ﬁgure shows that the
angular dependence of the scattered light did not systematically
change with decreasing polymer concentration, indicating no
detectable conformation change in the molecules upon dilution.
The molar mass values obtained from the SLS measurement
showed good agreement with the results obtained from GPC
(Table 3).
In extremely dilute solutions, the second virial coefﬁcient (A2) is
a quantitative indicator of the afﬁnity between the polymer and the
solvent, i.e., the thermodynamic quality of the solvent for the given
polymer (Li et al., 2006a; Wohlfarth, 2004). The obtained A2 value
suggests that the 0.1 M sodium nitrite solution containing 0.02%
(w/w) sodium azide was a good solvent for GHXG. The radius of
gyration (Rg), a geometrical parameter of a polymer chain, was
determined to be 97 nm.
3.4.4. DLS
The aggregate-free solution of GHXG was characterised by DLS
measurements. Using the CONTIN method, the hydrodynamic
radius of XG at 90 was calculated as 61 nm, as shown in Table 4.
The static and hydrodynamic dimensions vary characteristically
with the macromolecule structure, and a combination of the two
dimensions provides qualitative information on the architecture of
the macromolecules (Burchard, 2003). The structure-sensitive
parameter r is deﬁned as the ratio of Rg (obtained from SLS) to the
hydrodynamic radius Rh (obtained from DLS) (Burchard, 2003,
2008). The value of r generally decreases with increasing branch-
ing density, but an increase in polydispersity counteracts the effect
of branching. A signiﬁcantly higher value of r ¼ 1.59 was obtained
for GHXG, which is compatible with a random coil conformation in
a good solvent (Burchard, 2003) and is in agreement with the GPC
analysis (Section 3.4.2).
Gidley et al. (1991), who examined an XG isolated from the
seeds of T. indica using SLS and DLSmeasurements, obtainedMw, Rg,
Rh and r values of 8.8 x 105 g/mol, 110 nm, 71 nm and 1.55,
respectively, which are analogous to those of GHXG.Table 4
Experimental data of static and dynamic light scattering from GHXG.
Sample Mwa
(g/mol)
A2  104a
(cm3 mol/g2)
Rga
(nm)
Rhb
(nm)
Rg/Rh
GMPF 817,000  23,000 3.92  0.39 97  4.3 61  3.0 1.59  0.01
Symbols: molar mass (Mw), second virial coefﬁcient (A2), radius of gyration (Rg),
hydrodynamic radius (Rh).
Values are means  S.D. (Standard deviation).
a Measured by SLS.
b Measured by DLS.
Table 5
Comparative physico-chemical properties of XGs from different Leguminosae sources.
Sample c* (mg/mL) [h] (mL/g) Mw (g/mol) Mw/Mn Rg (nm) Rh (nm) Rg/Rh a k*
G. hymenifolia 1.3 665 8.43  105 1.2 97 61 1.59 0.70 0.3
H. courbarila 0.7 to 1.3 680 to 1054 8.50  105 to 2.20  106 1.4 to 1.7 67.2 to 110.4 e e e e
D. senegalenseb 1.3 890 1.30  106 e e e e e e
A. africanac e 530 8.20  105 e e e e 0.66 e
C. langsdorﬁid e 804 7.82  105 1.7 65 e e e e
T. indicae 1.0 600 8.80  105 1.5 110 71 1.55 e e
Symbols used: molar mass (Mw), numerical mass (Mn), critical concentration (c*), intrinsic viscosity ([h]), radius of gyration (Rg), hydrodynamic radius (Rh), MarkeHouwink
constant (a), Huggins constant (k*).
a Freitas et al. (2005).
b Wang et al. (1996).
c Ren et al. (2004, 2005).
d Stupp et al., 2008.
e Gidley et al. (1991).
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erties of polysaccharide extracted from different sources is possible
to observe that GHXG presents a lower value for polydispersity in
relation to other XGs, which indicates the presence of a family of
molecules with more homogeneity. Furthermore, the highest
values of c* suggest a lower aggregation in comparison to XG from
T. indica seeds (commercial source). Also, additional studies, which
will be shown in another article, evaluated the surface tension
versus concentration of GHXG in aqueous sodium chloride solution
(0.15 M), and revealed that the biopolymer has a lower state of
aggregation and better characteristics as surfactant substance in
relation to commercial sample. These physico-chemical properties
are especially desirable in many food formulations, for example.
3.5. AFM analysis
AFM images of GHXG in Fig. 4A and B, deposited by spin-coating
on silicon, showed that XG adopts a helical conformation when
adsorbed on silicon. On average, these chains have a height of
1.25 nm, width of 28.9 nm, and length of 131 nm (Fig. 4C).
Furthermore, the polydispersity, calculated as described by Balnois
and Wilkinson (2002), of two different AFM images is 1.3. This
result is in good agreementwith the light-scattering data presented
in Section 3.4.2.
Neutral GHXG adopts a random coil conformation in solution, as
described in the previous section. However, in Fig. 4B (black
arrows) these chains tend to adsorb in a helical conformation on
silicon. This type of conformation was also found for dried XG of
T. indica in an X-ray analysis of the ﬁber diffraction pattern (Taylor &
Atkins, 1985). Taylor and Atkins (1985) suggested that T. indica XG
forms a two-fold helical conformation similar to cellulose withFig. 4. A: AFM topographical image of GHXG deposited by spin-coating on silicon (2.00  2.
by spherical-like grains. Black arrows indicate helical conformations of XG chains. C: Lengt2.06- and 2.02-nm lattice spacing along the meridional and equa-
torial directions, respectively.
The discrepancy observed in the value for the polysaccharide
chain height using AFM compared to X-ray techniques is frequently
observed in the literature (Balnois & Wilkinson, 2002; McIntyre &
Brant, 1997) and may be caused by the need to consider the
effects of the following factors during scanning: the capillary force
exerted by thin water layers into the tip during scanning in air, the
electrostatic interactions between the tip and the sample surface,
interactions between the molecule and the surface and the sample
deposition method.
The AFM image in Fig. 4B shows the branching of these chains,
which have a ﬂexible conformation when adsorbed. Moreover, the
images show that aggregation occurs even at very low concentra-
tions. We also see some intermolecular interactions with coiled
conformations at chain intersections. The partial coil conformation
remains during dehydration despite the radial force exerted by the
deposition method. This behaviour in dilute solution may be due to
the fact that GHXG tends to not be fully hydrated because of the
slight hydrophobic character of the CeH bonds of the pyranosidic
ring (Nishinari & Takahashi, 2003).
The image parallel to the scanning direction results from the
convolution of the AFM tip and the XG polysaccharide; as a conse-
quence, there is an overestimation of the lateral polymer dimension
in the direction of the scan. According to Balnois and Wilkinson
(2002), if the tip’s hemispherical radius of curvature R is 10 nm,
the polymer chain is cylindrical with diameter D*, and W is the
laterally broadened measured width; Equation (2) (Engel,
Schoenenberger, & Müller, 1997) predicts that the chain diameter
will be 15  3 nm, which is much larger than the X-ray result of
approximately 2 nm by Taylor and Atkins (1985).00 mm). B: AFM zoomed-in image (1.00  1.00 mm), showing that XG chains are formed
h histogram of XG deposited on silicon.
Fig. 5. Evaluation of GHXG cytotoxicity in L929 cells after 72 h of incubation at 37 C
and 5% CO2 using an MTT assay. The control samples were prepared without poly-
saccharide treatment. Bars represent means, and vertical lines indicate standard
deviations, n ¼ 3, *p < 0.02.
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This result suggests that the tip interaction deformed the
molecule or, more likely, that the AFM image is showing the helical
loop formed around the XG chain rather than the XG chain itself.
This loop is signiﬁcantly larger than the chain.3.6. Cytotoxicity assay
The cytotoxicity assay was carried out on L929 cells and was
estimated by determining the percentage of surviving cells that
were treated with polysaccharide (concentrations ranging from 6.5
to 3300 mg/mL) compared to the non-treated control after 72 h of
incubation. At the highest tested concentration (3300 mg/mL),
GHXG decreased the viability of L929 cells by 16%, and no toxicity
was observed up to 833 mg/mL (Fig. 5), resulting in a CC50 of greater
than 3300 mg/mL. According to Kean and Thanou (2010), who
extensively reviewed the toxicity of chitosan (a polysaccharide
approved for dietary applications and use in wound dressings) at
different molecular weights and degrees of acetylation, the CC50 of
chitosan ranges from 210 to 2500 mg/mL. Therefore, the high CC50
value obtained for GHXG indicates that this compound could be
a potential biocompatible polysaccharide for biotechnological
processes.4. Conclusions
Polysaccharide extracted from leguminous G. hymenifolia seeds
is rich in XG. Its structure is similar to other seed-derived XGs in the
literature. The high yield from extraction, homogeneity, low
contamination (including contamination from protein), high
intrinsic viscosity and molar mass, low cytotoxicity and AFM
characteristics suggest that this molecule has excellent potential for
industrial use, such as thickening, and may be an alternative to
commercial polysaccharides from T. indica in different food tech-
nologies and biotechnological processes.Acknowledgements
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